It has been noted that from days 18 to 22 (birth) during the second intrauterine period of morphogenesis of the rat pancreas the accumulation of enzymes increases dramatically. We studied the effect of altered maternofetal blood flow on the development of the rat pancreas during the critical second period. Our studies indicate that during pancreatic cytodifferentiation, reduction in maternofetal blood flow not only reduces the weight of the pancreas (68% of control) and diminishes the total activities of enzymes but that the changes in specific activities of the enzymes do not appear to be coordinate. The specific activities of amylase decreased to 59,000 units from the control value of 103,000 units ( P < 0.01) and lipase decreased to 4000 units from a control value of 7350 units ( P < 0.001). In contrast, the specific activities of trypsin (ogen), chymotrypsin (ogen) and (pro)-carboxypeptidase A and B are not changed.
Summary
It has been noted that from days 18 to 22 (birth) during the second intrauterine period of morphogenesis of the rat pancreas the accumulation of enzymes increases dramatically. We studied the effect of altered maternofetal blood flow on the development of the rat pancreas during the critical second period. Our studies indicate that during pancreatic cytodifferentiation, reduction in maternofetal blood flow not only reduces the weight of the pancreas (68% of control) and diminishes the total activities of enzymes but that the changes in specific activities of the enzymes do not appear to be coordinate. The specific activities of amylase decreased to 59,000 units from the control value of 103,000 units ( P < 0.01) and lipase decreased to 4000 units from a control value of 7350 units ( P < 0.001). In contrast, the specific activities of trypsin (ogen), chymotrypsin (ogen) and (pro)-carboxypeptidase A and B are not changed.
These results suggest that reduction in maternofetal blood flow caused a selective decrease of fetal rat amylase and lipase during the third trimester of gestation.
Speculation
The last trimester of gestation in the rat is a critical period for the development of enzymes in the fetal pancreas. Restriction of maternofetal blood flow affects the normal development of fetal organs, as reflected in changes of tissue specific enzymes. As in other stress conditions, intrauterine growth retardation affects amylase and lipase more than pancreatic proteases.
The ability of the exocrine pancreas to function and to secrete enzymes is limited even in full-term infants (29) . However, in the small-for-gestational age and premature infant, inadequate pancreatic function can seriously affect digestion and their nutritional status (14) . The last trimester of intrauterine life is critical for the maturation of exocrine pancreatic function. Changes induced by intrauterine growth retardation (IUGR) adversely affect digestive capacity.
In developed countries, IUGR is often caused by impaired maternal circulatory supply to the placenta. In fetal rats, the pancreas develops in two distinct stages (13, 20, 21, 23, 27) . The primary transition is from embryonic endoderm to a protodifferentiated state, when the pancreatic tissue contains low enzyme levels. The second stage begins about the 14th day of gestation, with an increased rate of synthesis of pancreatic exocrine enzymes (13) and the accumulation of secretory granules in the acinar cells (20) . In the embryonic rat pancreas, amylase activity can be detected by the 16th day of gestation. In full-term rats, the pancreatic enzymes range from 25% of adult levels for trypsinogen to 15 to 20% for chymotrypsinogen, amylase, and lipase (25) .
Our studies were designed to assess several aspects of exocrine pancreatic changes induced by IUGR in the last trimester including: pancreatic weight, cell number, protein content, and the specific and total activities of pancreatic enzymes.
MATERIALS AND METHODS

ANIMALS AND SURGICAL PROCEDURES
The experiment involved 20 pregnant Sprague-Dawley rats and 168 fetuses with accurately timed gestation (within 12 hr). The animals were caged individually and given free access to Purina laboratory pellets and tap water until surgery. Experimental intrauterine growth retardation was induced in 14 pregnant rats by a procedure devised by Wigglesworth (28) . On the 18th day of gestation, a lower midline laparotomy was performed under anesthesia. The uterus was exposed, and the uterine artery supplying one uterine horn was ligated with two silk ligatures; the artery of the opposite uterine horn was untouched. After surgery, the incision was immediately closed with silk sutures. On the 22nd day of gestation, the fetuses were delivered by cesarean section. The growth-retarded fetuses were identified by the suture on the arterial blood supply. The number of live fetuses in the ligated horn was 55, ranging from three to seven in each horn; in the opposite uterine horn, there were 59, ranging from four to seven in each horn. After each fetus was weighed, its pancreas was removed from surrounding tissue, lightly blotted, weighed, and promptly frozen. Six additional pregnant Sprague-Dawley rats were used to determine the normal changes in the pancreas during the third trimester of intrauterine life. Their fetuses, delivered by cesarean section on days 17 to 21 of gestation, numbered from 8 to I I at each delivery point.
SAMPLE PREPARATION
Each pancreas was homogenized in ice-cold saline (I mg/50 p1) with a Potter-Elvehjem homogenizer and a teflon pestle. Although enzyme activity was determined from fresh homogenate whenever possible the storage of homogenate at -20°C resulted in little loss of enzyme activity after one thawing.
BIOCHEMICAL ANALYSIS
To activate the pancreatic proenzymes, a trace amount of enterokinase was added to the homogenate and allowed to incubate before the determination of enzyme activities. Trypsin (EC 3.4.4.4) activity was measured from the hydrolysis ofp-nitroaniline from the substrate ben~oyl-D~-arghine-p-nitr~aniline at p.H. 8.2 and 25°C (5, 18) . Units were expressed as nmoles of benzoyl-DLarginine-p-nitroaniline hydrolyzed per min per g of protein.
Chymotrypsin (EC 3.4.4.5) was determined from the rate of hydrolysis on N-benzoyl-DL-tyrosine ethyl acetate ester as measured by the change in absorbance at 256 nm with time (12) . Units were micromoles of substrate hydrolyzed per min per g of protein. aAmylase (EC 3.2.1.1) was determined from the colored product formed by the reduction of 3.5-dinitrosalicylic acid by maltose liberared per min per g of protein (25) . Lipase (EC 3.1.1.3) activity was determined by the potentiometric titration (at a constant pH 8) of ionized fatty acids liberated from a triglyceride (olive oil) emulsion with 0.05 N NaOH (8) . Units were expressed as micromoles of NaOH per min per g of protein. Carboxypeptidase A (EC 3.4.2.1) was determined by the rate of increase in absorbance at 254 nm from the hydrolysis of hippuryl-L-phenylalanine at 25°C (7) . The determination of carboxypeptidase B (EC 3.4.2.2) involved using hippuryl-L-arginine as the substrate (6) . Activities were expressed as micromoles of substrate hydrolyzed per min per g of protein. DNA was determined from the reaction with a diphenylamine chromogenic reagent after precipitation with cadmium (11) salts (10). Total proteins were derived from Sutherland's adaptation of the Lowry method using a Folin phenol reagent (15. 26) .
STATISTICS
The results are expressed as mean k S.D. Data from controls and malnourished fetuses from each of the 14 mothers were averaged and then subjected to a paired t test. Because siblings were used as the control group, biologic variations between the two groups were minimized.
RESULTS
THE EFFECT OF INTRAUTERINE GROWTH RETARDATION ON PANCREATIC GROWTH
Ligation of the uterine arterial blood supply effectively reduced the blood supply and caloric intake of the rat fetuses and produced animals smaller than controls. Specifically, body weight of IUGR animals was 67% of the normal or control animals (Fig. I) . The difference in weight of the pancreas (68%) was the same between the two groups of rats (Fig. I) , indicating a positive correlation between the reductions in body weight and the decrease in pancreatic size.
DNA concentrations in pancreatic tissue from both IUGR animals and controls did notdiffer statistically whether the results were expressed per gm of protein or per gm of tissue (Fig. 1) . The similarity in DNA content between the two groups suggested that both control and IUGR animals had the same number of pancreatic cells per unit weight. The decrease in total DNA content (Fig. I ) between groups simply resulted from a reduction in the weight or size of the pancreas. Because the total DNA reflects the total number of cells, a reduction in 30% of the total DNA in the IUGR fetuses suggested a decrease in the number of cells in this group of animals compared to the control siblings.
INTRAUTERINE DEVELOPMENT OF PANCREATIC ENZYMES DURING NORMAL THIRD TRIMESTER
Fetuses were delivered by cesarean section on days 17 to 21 of gestation. Amylase activity at days 20 and 21 was considerably higher than at full-term birth (22 days), having risen rapidly from near zero at 19 days of gestation (Fig. 2) . During the same period of development, trypsin increased to a level slightly higher than the level at birth; lipase gradually approached 10070 and chymotrypsin stayed at about 40 to 60% of the activity in the pancreas at 22 days of gestation.
These levels represent enzyme activities in pancreatic tissue at specific gestational ages; they are not necessarily the activities secreted by the pancreas. 
IU Development of Pancreatic Enzymes
LEBENTHAL ET AL.
THE EFFECT OF INTRAUTERINE GROWTH RETARDATION ON THE ZYMOGEN PANCREATIC ENZYMES
The effect of IUGR on pancreatic zymogens, expressed as units per g protein, were compared to those from normal fetuses. The specific activities (units/g protein) of lipase ( P < 0.001) and amylase ( P < 0.01) were significantly lower in IUGR fetuses compared to normals (Fig. 3) . The specific activities of trypsin, chymotrypsin and carboxypeptidase A and B in IUGR fetuses were not statistically different from their paired normal fetuses (Fig. 4) .
DISCUSSION
The development of the exocrine pancreas exhibits a regular biological pattern. In fetal rats, the accumulation of enzymes, plotted logarithmically against time, follows a sigmoid curve. Each enzyme has a different curve, but an inflection point occurs between 16 and 18 days gestation (23, 24) for all of them.
When actinomycin D or 6-bromodeoxyuridine was added to the culture medium of fetal pancreas cells, the period of rapid accumulation of enzyme was preceded by a period of nucleic acid synthesis. Thus, it seems that the 13th to 15th days of gestation are critical in relation to this synthesis (24) .
The rapid accumulation of enzymes about day 18 of gestation ( Fig. 2 ) was in accord with previously published data (23, 24) . At this time, a reduction in maternofetal blood flow led to a decrease in pancreatic weight commensurate with the reduced body weight (Fig. 1) . Because the DNA content per g tissue was unchanged (Fig. I) , it appears that the low weight of the pancreas was due to reduction in the number of pancreatic cells; nevertheless, changes in cell size cannot be completely ruled out. Similar changes in other organs have been shown using the Wigglesworth model (I I,
The total activity of all enzymes was low in the IUGR rats. However, the various enzymes were affected differently; the specific activities of amylase and lipase were reduced, whereas the specific activities of the proteases, specifically trypsin, chymotrypsin, and carboxypeptidases A and B, remained unchanged. This corroborates previous observations (1, 2, 9) that amylase and lipase were more sensitive to stress than the proteases. In suckling mice, infection with reovirus resulted in a decrease in amylase and lipase and an increase in proteases (I). Furthermore, when mice were given injections with leukemic cells, amylase, and lipase activities decreased more than those of trypsinogen and chymotrypsinogen (2). In rats, postnatal malnutrition affected lipase and amylase more than chymotrypsinogen and procarboxypeptidase (9) , suggesting that the synthesis of different enzymes or proenzymes is under different biochemical control.
The concept of nonparallel development of enzymes is not new. Marchaim and Kulka (16) noted a differential increase in various hydrolases during the last wk of embryonic life in chicks. Deschodt-Lanckman et al. (4) found that the levels of various enzymes did not change in a constant proportion during the prenatal period. The mechanisms controlling the biosynthesis of various enzymes are apparently not identical. Perhaps they are induced by different stimuli.
The exact mechanisms leading to pancreatic dysfunction in malnourished states (either pre-or postnatally) remain obscure. The developing pancreas depends on the supply of amino acids (19) . It is also known that the rate of Na+-dependent amino acid transport in the rat pancreas rises sharply several days before birth and falls immediately after birth (3). Nitzan et al. (17) demonstrated a large reduction in maternofetal transfer of a-aminoisobutyric acid when intrauterine blood flow was reduced. Thus, it is possible that the reductions in the number of pancreatic cells and in enzyme activities are related to a diminished supply of amino acids during a critical stage of selective protein synthesis.
In conclusion, the third trimester (after 16th day of gestation) in the embryonic development of the rat is a critical stage in the biosynthesis of pancreatic enzymes. Restriction of maternofetal blood flow during this period interfered with the normal emergence of pancreatic hydrolases and caused a reduction in total enzyme activities. Furthermore, the decrease in some enzymes, i.e., lipase and amylase, was greater than the decrease in total proteins in the same organ. The reductions in other enzymes, i.e., proteases, were proportional to the decrease in the total proteins. 
